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Aspergillus flavusis a filamentous fungusthat causes an ear and kernel rot in maize (Zea
mays L.). It produces a toxic secondary metabolite, aflatoxin, on the colonized maize kernels.
Aflatoxin is a carcinogen to humans and animals. The toxin is also an immunosuppressant and
causes aspergillosis in immune compromised individuals. Therefore, the presence of aflatoxin in
food is strictly regulated by governmental agencies. Contaminated food leads to severe loss in
profit and in marketable yield. There has been extensive research to investigate resistance of
maize toA. flavus. Certain lines of maize exhibit increased resistance to A. flavus and aflatoxin
accumulation compared to others and correlated with that are proteins and metabolites that differ
in abundance in those lines. Among them are members of the cupin superfamily of proteins and
products of special nitrogen metabolism (derived from glutamate). The goal here was to identify
networks underlying disease resistance indifferent maize genotypes through the identification of
protein-protein interactions and the analysis of transcript abundance profiles realting to cupins
and glutamate. The outcome will be an understanding of host resistance to A. flavussufficient to
develop methods to prevent pre-harvest contamination by aflatoxin. A protein abundant in
resistant maize was identified as a cupin and named ZmCUP1. The cDNA isolation, expression
in E. coliand characterization of the protein encoded by the mRNA, Zmcup1, lead to the
discovery that the ZmCUP1 protein had anti fungal properties and oxalate decarboxylase activity
(EC 4.1.1.2). Another part of the project aimed at understanding the involvement of a transgene
i

that encoded bacterial NADPH-glutamate dehydrogenase (GDHA; EC 4.2.3.1) that reduced
aflatoxin accumulation by half. A maize partial predicted protein to protein interactome was built
and used to identify potential interactions between proteins expressed differentially in lines of
maize resistant to A. flavus. These interactions were characterized in-silico and one specific
interaction, between Zmcup1 and a maize zinc finger protein was characterized in vitro.
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CHAPTER 1

LITERATURE REVIEW

Introduction
Aspergillus flavus, a major pathogen of maize (Zea mays L), groundnuts, figs and tree
nuts has received considerable attention in the last fifty years due to its ability to produce a
toxigenic polyketide secondary metabolite called aflatoxin (Chen et al., 1998). The International
Agency for Research on Cancer (IARC) has designated it as a human liver carcinogen (Wogan,
2000). It increases the risk of liver cancer 30 fold in individuals previously exposed to Hepatitis
(Henry et al, 1994). Therefore, the presence of aflatoxin, even in small amounts, in harvested
maize results in severe useful grain yield losses (Chen et al., 1998). Annually, world agriculture
losses due to aflatoxin contamination average from $630 million to $2.5 billion (Wu, 2004).
Infected crops cause yield losses, increased transportation costs and a product that cannot be
marketed (Moreno and Kang, 1999). Poultry and livestock are affected too, if they are fed with
aflatoxin-contaminated grain. Aflatoxin contamination results in severe to mild consequences for
animal producers ranging from direct death of affected animals to severe reduction in weight
gain, leading to considerable losses (Miller and Wilson, 1994;Wogan, 2000; Scheidegger and
Payne, 2003).
Classification of Aspergillus flavus
A.flavusis a ubiquitously distributed fungus thriving in temperatures ranging from 12°C
to 48°C. (Gibson etal., 1994). The genus Aspergillus is classified under the Ascomycota phylum
comprising species with ascomycetous telomorphs and species without known
telomorphs(Scheidegger and Payne, 2003). Since A. flavus lacks a sexual cycle, it was initially
classified under Deuteromycota based on morphology. But on further analysis of the biochemical
1

and molecular characteristics, aspegilli were placed among their close sexual relatives
(Alexpoulos et al., 1996; Scheidegger and Payne, 2003). The problem with classification based
solely on morphological characteristics was that genetically closely related species were often
placed in distant phylogenetic groups. Molecular phylogeny, using 18S rDNA sequence analysis
among others, became a valuable tool in classification, to mitigate this problem. It helped in
placing genetically closely related species together. This enhanced orthology; it can now be
assumed that conserved genes in A.nidulans and A.parasiticus will also be present in A.flavus.
Asperilli are ubiquitous and thrive on practically any kind of substrate. They are common in
desert, tropical, subtropical and warmer environments (Scheidegger and Payne, 2003). Since
they survive in a wide range of temperature and substrates, they colonize plant tissue, seeds,
mammalian tissue and insects(Klich, 2002; Scheidegger and Payne, 2003).
Not all fungi found under the genus Aspergillusare damaging or cause plant diseases. A
species of Aspergilli, A.terreus is known to produce lovastatin, a drug that lowers cholesterol
(Cleaveland et al, 2009). Another closely related species, A.oryzae,was domesticated in China
and is an essential part of several food fermentation processes such as the production of rice wine,
soy sauce and soybean paste (miso; Cleaveland et al, 2009). A.flavus is sometimes referred to as
“the evil twin” of A.oryzae. They have similar morphology but A.flavus is more widespread and
potentially harmful. But then again, aflatoxin is not the only secondary metabolite produced by
A.flavus. Some of the other secondary metabolites Aspergilli produces have important
pharmaceutical value (Cleaveland et al, 2009). Moreover, A. flavus is capable of surviving on a
multitude of substrates, is able to degrade complex organic polymers and is therefore a potentially
effective bio recycler. Given the extensive research that has been conducted to study the
biosynthesis of aflatoxin, Aspergilli have often been used as models to study secondary
metabolism in fungi. This is especially true since numerous Aspergillus-related genomic
resources are available. A first attempt at the A.flavusgenome by The Food and Feed Safety
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Research Unit of the Southern Regional Research Centre of the USDA resulted in the sequencing
of 7218 unique A. flavus EST sequences, identified from 19 618 generated ESTs. This gave way
to the construction of four forms of microarray for A.flavus, thereby introducing more resources
to study secondary metabolism in the fungus. The whole genome sequenceof A. flavus was
completed at the J.Craig Venter Institute; the 16 largest scaffolds from the whole genome
assembly correspond to the 8 predicted chromosomes of A. flavus representing 99.6% of the
genome (Payne et al, 2007; Cleaveland et al, 2009). The size of the genome of A.flavus is
36.8Mb, larger than that of A.nidulans and A.fumigatus.
Life cycle and host colonization of A.flavus
Colonization by A. flavus is a major concern on crops like corn, peanuts, fava beans,
cotton seeds and nuts. A.flavus causes an ear and kernel rot in maize. Though principally a
saprophyte, A.flavus can infect kernels, particularly when the plant tissue is damaged by insect
pests, or is undergoing severe stress like water deficit or high temperature. It is therefore an
opportunistic pathogen (Payne, 1992). Insect injury is very important for the development of the
disease. Apart from aiding in the spread of the inoculum, insects also create a favorable
environment for the fungus to develop by dehydrating the kernels (Widstrom, 1987).A.flavus first
colonizes the developing embryo and the tissue surrounding it (Jones, et al, 1980). Subsequently,
the fungus starts to degrade the endosperm. This is surprising given the ability of the endosperm
to undergo programmed cell death (Cleaveland et al, 2009). Like other fungal pathogens, A.
flavus uses many enzymes like cellulases, amylases, proteases and pectinases to successfully
invade and utilize the plant tissue (Cleaveland et al, 2004). A diagrammatic representation of the
life cycle of A.flavus is depicted in Figure 1A.
The fungus lacks a sexual cycle. A.flavus predominantly a saprophyte surviving on plant
and animal debris, increases sporulation in hot and dry weather (Figure 1A). Conidia formation
from sclerotia and mycelia has been observed to serve as the primary inoculum for infection.
3

Conidia are carried by wind and insects to infect young plants. Later, sclerotia growing on corn
debris serve as secondary inoculum and, when the environmental conditionsare conducive,
produce disease (Horn et al., 1996).Upon infecting the kernels, A.flavus grows and continues to
produce aflatoxin.The amount of aflatoxin and fungal growth can increase after harvest if the
infected tissue is improperly stored (Payne, 1998).

4

Figure 1A: Epidemiology of Aspergillus flavus infecting maize kernels. (Payne et al, 1993)

5

Aflatoxin
The most important concern of A.flavus infection is the production of a carcinogenic
secondary metabolite, aflatoxin. Aflatoxin was first identified after the outbreak of the “Turkey
X” disease in England in 1960. A Brazilian peanut seed, a common ingredient in the feed of
ducklings was found to be contaminated with a toxin (Zaika et al. 1987). The toxic component
was identified to be aflatoxin. Aflatoxins are polyketide derived furanocoumarins (Figure 2A).
They are highly potent hepatocarcinogens in humans, and can cause aflatoxicosis in immunesuppressed patients (Wild and Hall, 2000).Within the genus Aspergillussection Flavi, five
aflatoxicogenic species have been reported: A. flavus, A. parasiticus, A. nomius, A. pseudotamarii
and A. bombycis(Ehrlich et al., 2002). Amongst the different types of aflatoxin produced by
different fungi,aflatoxin B1 is the most potent and is produced by both A. flavus and A.
parasiticus. A. flavus also produces aflatoxins B2, G1 and G2 (Figure 2A). AFB1, AFB2, AFG1
and AFG2 have been reported to be a threat to human health and livestock by contaminating
agricultural commodities.Aflatoxin M1 and M2 are metabolites of aflatoxin B1.

6

Figure 1A: (www.aflatoxin.info). The four different types of aflatoxin produced by A.flavus and
A.parasiticus (Scheidegger, K. A. and G. A. Payne. 2003).
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Aflatoxin biosynthesis and gene regulation
It was proposed in the early 1990sthat genes of the aflatoxin pathway were clusteredThe
genes were coincidentally characterized by their order of expression and their utilization in the
pathway. The pathway can be divided into early, middle and later stages according to the order of
the utilization of the enzymes in the biosynthetic pathway. Nor1 genes are involved early in the
pathway, ver-1 in the middle and omtA in the later stages. Previously, it was found that the genes
involved in the production of aflatoxin are clustered in a 70 Kbp DNA sequence consisting of 25
different open reading frames (ORFs). The most recent research on the cluster describes it to span
82Kbp of DNA, with 29 different ORFs (Figure 3A), and five additional genes (hypA, hypB,
hypC, hypD, hypE) are now thought to have a role in the biosynthesis of aflatoxin (Cleaveland et
al, 2009).
The aflatoxin biosynthesis gene cluster includes two fatty acid synthase genes (FAS alpha
and FAS beta) and one polyketide synthase gene (PKS). These three genes represent the bulk of
the cluster. The cascade of aflatoxin production is as follows: polyketide precursor---norsolorinic
acid (NOR)---averantin (AVN)---5’-hydroxyaverantin (HAVN)---averufanin (AVNN)---averufin
(AVF)---versiconalhemiacetal acetate (VHA)---versiconal (VAL)---versicolorin B (VERB)--versicolorin A (VERA)---demethylsterigmatocystin (DMST)---sterigmatocystin, (ST)---Omethylsterigmatocystin (OMST)---aflatoxin B1 (AFB1; Cary et al. 2000). The aflatoxin
regulatory gene was named aflR in both A.flavus and A.parasiticus. AflR is a positive global
regulator of the cluster (Yu et al. 2003).AflS (formerly known as AflJ) is another regulator. The
exact role of AflS is still speculative. It functions as a transcriptional activator. In an AflS knock
outA. flavus mutant, expression of the aflatoxin biosynthesis genes remained the same but the
pathway intermediates could not be converted into aflatoxin (Meyers et al, 1998). AflR is
sufficient to activate early, late and mid genes in the pathway and binding of AflS results in
enhanced expression of early and mid genes. AflS may affect aflatoxin biosynthesis either by
8

regulating AflR expression or by aiding in the transport of pathway intermediates. Naturally
occurring antisense transcript (NAT), also has a role in regulation (Woloshuk et al, 2008). In a
study of maize kernels infected by A. flavus, NAT expression was inversely correlated to AflD
expression (Smith et al, 2008). The cluster as such, has sites for binding transcription factors
other than AflR. In A. parasiticus, a cAMP responsive element (CRE) can bind to the AflD
promoter and is regulated by the substrate, glucose. It is interesting to note that other factors such
as nitrogen and pH also play an important role in the regulation of aflatoxin (Table 1A). TheAreA
binding site is in the intergenic space between AflR and AflS. Upon binding to this region, the
AREA protein increases nitrate synthesis, which in turn increases AflS synthesis (Chang et al,
2000; Payne et al, 2009).
The aflatoxin biosynthetic pathway is also regulated through chromatin remodeling.
Histone H4 acetylation is mediated by a HAT complex upon the activation of CRE1bp, allowing
the DNA to relax and form heterochromatin (Payne, 2009). Environmental and physiological
factors like presence of carbon source, availability of nitrogen, temperature, control the
expression of AflR. In fact, carbon source is essential for the expression of the enzymes in the
pathway characterized so far (Payne et al, 1993; Woloshuk et al. 1994, Yu et al. 2003).The
enzymes require specific precursors, both exogenous and endogenous, like polyketides, acetate,
xanthones and anthraquinones to be converted to the next step in the pathway. Therefore
availability of substrates is essential in regulating the pathway (Yabe and Nakajima, 2003). The
enzymes involved in aflatoxin biosynthesis are localized in both the cytosol and in the membrane.
Though the localization of the enzymes is still not very clear, that may not be essential in
aflatoxin biosynthesis (Cleaveland et al, 2009).
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Table1A shows the conducive and non-conducive conditions for aflatoxin production by A.flavus
Environmental Conditions

Aflaoxin synthesis

Aflatoxin synthesis

Conducive

Non conducive

Carbon source

Simple sugars

Complex sugars

Nitrogen source

Reduced

Oxidized

Oxidative stress

Oxidants

Anti oxidants

pH

Acidic

Basic
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Figure 2A: The aflatoxin biosynthetic pathway (Payne et al, 2009)
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Regulation of aflatoxin biosynthesis
Aflatoxin is not only a potent hepatocarcinogen but also causes stunting in children and
causes disorders of the immune system. For individuals infected with hepatitis B, exposure to
aflatoxin increases the risk of liver cancer ten-fold. It also affects poultry and livestock, causing
liver damage. In chickens, it reduces reproducing efficiency, resulting in reduced egg production.
In cattle, it causes significant loss in weight gain and milk production (Wu, 2004). By 2010,
4.5billion of the world’s population will be exposed to the risk of aflatoxin. AFB1 is metabolized
in the liver. It forms both an endo and an exo-epoxide. The exo-epoxide can readily intercalate
between DNA increasing “adducts”, thereby causing mutagenesis and increasing the risk of liver
cancer. (Wild and Gong, 2010). Therefore, regulation of aflatoxin amount in food is paramount.
The permissible amount of aflatoxin is different from one country to another. The European
commission has established 4µg/Kg as the threshold amount of aflatoxin permissible in food,
which is probably the most stringent threshold imposed to control aflatoxin contaminations.
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Figure 2A: Aflatoxin thresholds imposed in the United States

Product or Animal
Human food
Milk
Beef cattle
Swine over 100lbs
Breeding beef, cattle, swine, mature poultry
Immature animals
Dairy animals
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FDA Total Aflatoxin Action Amount
(µg/kg)
20
0.5
300
200
100
20
20

Control of A. flavus infection
(a) Cultural practices
Maize occupies more than 120 million hectare of crop land annually and yield loss due to
A.flavus infection, and accumulation of aflatoxin is a challenging problemDeveloping resistance
to fungal infection would help a long way in solving the problem of aflatoxin contamination. This
has led to decades of research. Since environmental stresses such as water deficit, temperature
and vector activity play an important role in the accumulation of aflatoxin in maize, effective
management of cultural practices is critical in preventing the infection (Munkvold, 2003). Deep
tillage and irrigation, earlier planting and harvest can reduce water deficit stress and therefore
reduceA.flavus infection (Jones et al, 1986). Higher rates of nitrogen fertilization and insect
control seem also to significantly reduce aflatoxin accumulation (Rodriguez-Del-Bosque, 1996).
Post harvest prevention of aflatoxin infection is also important. Closed bins with good
aeration are essential for good storage management. Storage temperature is also critical; the grain
should be stored at temperatures ranging from 1°C to 4°C (Rodriguez-Del-Bosque,
1996).Another important method to control aflatoxin is through biological control. A.
flavusisolates are often incapable of producing aflatoxin. Therefore, atoxigenic strains of the
fungus could be used to out compete toxin-producing strains reducing thus toxin contaminations
(Cotty et al, 1989). In an early study by Erhlich (1987) co-inoculation with certain wild type
aflatoxin producers and atoxigenic strains reduced aflatoxin in corn. Inoculation of the soil with
atoxigenic strains of A.flavus and A.parasiticus helped reduce aflatoxin contamination in peanuts
(Dorner et al, 1992). Though several conventional practices are available to the grower, they are
not always cost effective or safe to the environment.
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(b) Genetic sources of resistance
Genetic sources of resistance in maize have been explored from the mid 1980s. Science
has come a long way from identifying a reliable inoculation system with the use of the pin bar
method to identifying QTL linked to genetic sources of resistance.The identification of native
sources of resistance is paramount to prevent pre-harvest accumulation of aflatoxin. The
resistance or tolerance to aflatoxin or inhibition of A.flavus growth is quantitatively inherited in
maize (Campbell and White, 1995).QTLmarker association were used to breed for a commercial
line of maize with resistance to A. flavus (Chen et al, 2004).Quantitative trait loci mapping was
carried out using a resistant line of corn, MP313E. Regions of the chromosomes, that were
associated with resistance were mapped and identified. These regions were used as markers to
assist in breeding lines of maize resistant to A. flavus (Brown et al, 2004).The complexity in
understanding host resistance mechanisms has made it difficult to transfer genes harboring
resistance into lines of maize that have beneficial agronomic traits. The evaluation of such lines,
incorporating this resistance into commercial lines and then measuring them for aflatoxin
accumulation is expensive (Chen et al, 1998). Many factors affect the accuracy of this breeding.
For example, certain traits depend on the environmental effects or specific developmental stages
that affect the expression of a phenotype which makes the screening process expensive and time
consuming (Xu et al, 2005). To circumvent these problems, there has been a continuous effort to
identify specific genetic markers associated with resistance to ear rots and aflatoxin
accumulation.
Resistance of maize kernels to infection by A. flavus and to aflatoxin accumulation has
been extensively investigated (Brown et al, 1995). Both constitutive and induced proteins were
reported to be required to confer resistance to A. flavus. A proteomics approach was used to
identify constitutively expressed kernel proteins involved in the resistance to A. flavus. Several
lines of maize, which show resistance to A. flavushave been identified. They include, Tex6,
MP313E, MAS-gK, MI82 and Oh516 (Brown et al., 1995; Campbell and White, 1995).
15

Comparative protein profiling between resistant and susceptible lines of maize grain was
performed using two-dimensional polyacrylamide gel electrophoresis. Several proteins that were
either uniquely expressed or expressed in higher concentration in resistant lines were identified.
These proteins were found to accumulate in the studied lines of maize irrespective of fungal
infection (Chen et al, 2004). This approach also helped in identifying and characterizing
compounds present in maize with fungicidal and fungistatic properties, as well as compounds that
limit the accumulation of aflatoxin. A 14kDa trypsin inhibitor form maize was found to reduce
fungal growth by inhibiting a fungal amylase. Similarly, a maize lectin protein, ZmCOR was
found to cause clumping of fungal conidia affecting, thus, conidial germination and development
(Baker et al, 2008). The need to identify similar proteins and to characterize their role in
resistance to fungal infections is extremely important.
Cupins
The name “cupin” is derived from “cuppa” which means barrel. The name has been
adopted in reference to a conserved beta barrel fold structure characteristic of this class or superfamily of proteins (Dunwell and Gane, 1998). The cupin motif was originally discovered as a
conserved motif in wheat germin like proteins (Laneet al, 1991). This conserved motif was also
consistently present in seed storage proteins called vicillins and legumins in wheat and legumes
that were associated with enhancing seed tolerance to desiccation (Dunwell and Gane, 1998). The
“beta fold” which is a characteristic of the cupin domain, consists of two conserved motifs
separated by a less conserved beta strand and an intervening variable loop. The beta fold may
harbor an active site for enzymatic activity. The reported functions of cupins include dioxygenase, auxin binding, super-oxide dismutase, oxalate decarboxylase, and sucrose binding
activities (Dunwell, 2004)
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Involvement of cupins in resistance to diseases
Numerous proteins with cupin domains have been characterized so far and some have
been associated with plant defense against pests. A genetically modified Pisum sativum with a
single copy of anα-amylase inhibitor containing a cupin domain introduced into it, exhibited
resistance to the pee-weevil (Bruchus pisorum). In addition to the α-amylase inhibitor, 33 proteins
were differentially accumulated in the genetically modified lines when compared to the nonmodified lines. Upon further investigation, it was reported that 56% of the proteins with increased
accumulation in this genetically modified pea plant belonged to the cupin super family.
Therefore, the introduction of the α-amylase inhibitor increasedthe resistance to the pea weevil
through the expression of several proteins belonging to the cupin superfamily (Chen et al, 2009)
Moreover, a cupin involved in Arabidopsis seed germination was reported to interact with NFĸB, a nuclear factor involved in signaling. NF-ĸB is associated with PCD (programmed cell
death) in plants (Orzaez et al, 2001). This may indicate a possible involvement of cupins in
signaling pathways affecting disease resistance responses in plants. Atpirin1 is another protein
with a cupin domain. Atpirin1is an effector for heterotrimeric G-protein coupled receptor type
signaling (GPCR) and ABA (Abscisic acid) signaling (Kaufman et al, 2003). Cupins may
therefore act as effectors of disease resistance signaling since GPCR is an important signaling
mechanism in plant defense (Kaufman et al, 2003).
The ability of certain fungal pathogens to cause disease is associated with their ability to
produce oxalic acid (Boland et al, 1994). Oxalic acid chelates calcium, causing macerations in the
calcium pectate component of the host cell wall. Oxalic acid also affects pH enhancing the
activity of cell lysis enzymes produced by plant pathogenic fungi. Transgenic expression of
oxalate decarboxylase in tomato leaves, resulted in enhanced resistance of the plant to Sclerotinia
sclerotiorum (Guimaraes and Stotz, 2004).
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Transgenic maize and resistance to pests
From the suitability of environmental conditions to the availability of nutrients at the site
of infection, several factors play a role in the ability of A. flavus to produce aflatoxin. Available
nutrients can alter fungal metabolism. The availability of nitrogen and the source of nitrogen are,
for instance, crucial determinants of the ability of A. flavus to produce aflatoxin (Luchese and
Harrigan, 1993). In fact, the presence of proline, asparagines and ammonium sulphate support the
production of aflatoxin whereas nitrate reduces expression of aflatoxin genes (Payne and Hagler,
1983; Payne, 2008). Maize lines that express a bacterial NADP-dependant glutamate
dehydrogenase (GDH; E.C.4.1.2.1) gdhA gene were developed (Ameziane et al, 1999). The
transgenic plants showed increased tolerance to gluphosinate type herbicides (Lightfoot et al,
2007). In dry environments, the transgenic plants showed increased grain biomass compared to
non-transformed plants reflecting an enhanced water deficit tolerance of the gdhA+plants.
Transgenic Nicotiana tabacum expressing gdhA showed increase in carbohydrate and fatty acid
metabolism in addition to altered nitrogen metabolism (Mungur et al, 2005). Lipids also play an
important role in fungal metabolism and in the production of aflatoxin. Seed derived unsaturated
fatty acids are important for the developments of the ascospores in A.flavus and A.parasiticus
(Burow
et al., 1997; Calvo et al., 1999, 2001). Sporulation and toxin production were affected by plant
derived lipoxygenases (Melan et al, 1993). In soybean, 13S- and 9S- hydroxyperoxy fatty acids
products of the enzymatic activity of soybean lipoxygenases (LOX) alter the expression of the
aflatoxin and sterigmatocysteine pathway genes in the aspergilli. The activity of the soybean
LOX genes may be one of the determinants of soybean resistance to A. flavus (Keller et al, 1996).
Alteration in maize kernel metabolism alters the availability of nutrients to A. flavus and therefore
its ability to produce toxin.
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Protein-protein interaction network
Studying plant defense mechanism associated with ear rots and the accumulation of
mycotoxins presents numerous challenges given the complexity of these processes and the
multitude of factors involved.Several signaling pathways and many associated proteins are
involved in plant defense to pathogens. In order to effectively study the “big picture” and
understand maize resistance to A. flavus, it is important to network these proteins and signaling
molecules. Systems biology, powered by molecular biology, mathematical concepts, physics and
engineering strategies, helps in modeling theories to address complex questions (Vidal, 2009).
To study complex mechanism, such as disease resistance that involves the regulation of a
multitude of networks including disease signal transduction pathways, transcriptional activation
and repression, and epigenetic control and regulation, it is imperative to understand the physical
interaction between proteins. The interactome, a graphical representation of all protein-protein
interactions in an organism, is an invaluable tool to study such a mechanism. Geisler et al (2007)
built a predicted interactome for Arabidopsis relying on the conservation of protein interactions
across several species. In 2008, Yin-Shan Tai, based on predicted interactions among
Arabidopsis proteins, predicted interactions between the two proteins RAR1 and SGT1 involved
in wheat resistance to a leaf rust pathogen. The physical interaction between the two proteins was
found to be required to trigger resistance of wheat toPuccinia triticinia(Yin-Shan Tai, 2008). By
expanding on this approach, it is possible to look at all interactingproteins involved in disease
resistance in a snapshot. This approach can provide interesting insights as to how pathways are
interlinked and offer a hypothesis as to what role these links play in conferring resistance to
pathogens. For instance, our knowledge about maize resistance to A. flavus could be improved by
mining orthologous proteins between Arabidopsis and maize.
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CHAPTER 2
ZMCUP1, A MAIZECUPIN WITH ANTIFUNGAL PROPERTIES AGAINST
ASPERGILLUS FLAVUS

Abstract
Aspergillus flavus is a filamentous fungus that causes an ear and kernel rot in maize
producing a toxic secondary metabolite, aflatoxin, upon colonization. Aflatoxin is a carcinogen
and can cause severe to mild symptoms when ingested by humans and animals. There are strict
regulations to control the amount of aflatoxin that can be present in food and feed resulting in
significant losses to producers from a contaminated crop. Studying and understanding maize
resistance to A. flavus is crucial for the development of ear rot resistant lines of corn with
agronomically desirable characteristics. Several endogenous maize proteins are involved in the
resistance to A. flavus. Several of these proteins were discovered through the comparison of
protein profiles from kernels of resistant and susceptible lines of maize. The aim here was the
partial characterization of one of these proteins ZmCup1. ZmCup1 has a domain from the cupin
superfamily, two histidine containg motifs with a beta barrel structure. Vicillins, legumins,
phosphomannose isomerases, germin like proteins, superoxide dismutasesand oxalate oxidases
are some of the proteins with one or two cupin domains. The partial characterization of the
expressed ZmCup1 showed that the protein exhibited oxalate decarboxylase activity ZmCUP1
inhibited the germination of A. flavus conidia in plate assays. Therefore, ZmCup1 may be
involved in conferring resistance to A. flavus.The cupin domain was inferred to participate in
coordination among protein networks.
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Introduction
Aspergillus flavus is a pathogen on ground nuts, dry beans, tree nuts, cotton and more
importantly maize. It has gained a lot of importance in terms of research due to its ability to
produce a toxic secondary metabolite, aflatoxin (Chen et al., 1998). Aflatoxin is a potent
carcinogen and the International Agency for Research on cancer (IARC) has designated it as a
human liver carcinogen (Wogan, 2000). Apart from being a carcinogen, aflatoxin causes
immunity disorders and stunting in children. Due to its severe effects on health, the amount of
aflatoxin is strictly regulated. The accumulation of aflatoxin in maize, presents a serious problem
for growers as it can result in the rejection of an entire crop. US FDA has designated 20ppb (Parts
per billion) as the maximum permissible limit for aflatoxin in food and some countries have even
more stringent regulations(Robens and Cardwell, 2005).
Temperature, pH, and water deficit stress are environmental factors that influence the
production of aflatoxin in the field. Infection of ears and kernels by A. flavus and further
accumulation of aflatoxin is greater under conditions of water deficit (Chen et al, 2010). Higher
temperatures are usually associated with a higher incidence of ear rots and accumulation of
aflatoxin. Irrigation and prevention of insect injury are recommended to prevent or limit preharvest maize contamination by aflatoxin. Although proper cultural practices minimize the risks
of ear rots, they are often expensive or inconsistent. The use of varieties resistant to A. flavus
remains the most economically feasible method to combat this pathogen.
Several maize genotypes resistant to A. flavus have been identified through screening in
the field(Campbell and White, 1995). Although resistant lines have been identified, the lack of
identifiable genetic markers poses a problem to incorporate this resistance into agronomically
important lines of maize.
The existence of a sub-pericarpal source of resistance in maize kernels to A. flavus was
demonstrated by Brown et al. (1993). Subsequently, several studies have confirmed the
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importance of kernel proteins in conferring resistance (Brown et al, 1995, Chen et al, 1998). On
further investigation it was found that both constitutive and induced kernel proteins are required
for resistance (Chen et al, 2001). Interestingly, a major difference was noticed between resistant
and susceptible lines of maize in the expression of high amounts of certain constitutive
endogenous proteins.Through proteome analysis using 2D gel analysis and mass spectroscopy
(MS), Chen et al. (2002) identified unique or elevated amounts of proteins in maize kernels in
association with resistance to A. flavus. Several of these identified proteins were classified as
stress proteins. One such protein identified in the resistant maize line ‘MP420’, showed sequence
similarity to a protein harboring a cupin domain. ZmCup1 was found to accumulate uniquely in
the resistant line, MP420 and absent in the susceptible line ‘B73’ (Chen et al, 2002).
Proteins containing a cupin domain were identified initially in wheat, and were described
as germins or seed storage proteins. The name of this protein family (cupin) is derived from the
pair of beta barrel folds, frequently referred to as “cuppa”,which is characteristic of all its
members. The function of the domain is unknown but proteins in the cupinsuperfamily have
diverse functions ranging from seed storage, to auxin binding, to sucrose binding, to enzymatic
activity to signaling functions (Dunwell and Gane, 2004). Among the enzymatic activities
reported are super oxide dismutase (EC 1.15.1.1), oxalate decarboxylase (EC 4.1.1.2) and dioxygenase (EC 1.13.11.1) activities are common (Dunwell and Gane, 2005).
These properties of cupins could help in conferring resistance in maize. In this study,
ZmCup1 was isolated, expressed in E. coliand partially characterized.The potential anti-fungal
propertieswere investigated.
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Materials and Methods
a. Identification of the gene –From the peptide fragments identified by Chen et al, (2002),
VEAYSSVSNLVK, IGFGVQSEVVVT(I/L)K and GFETDR, the corresponding mRNA
sequence, BT024037.1 was identified through sequence analysis. Total RNA was extracted from
germinated MP420 maize kernels. cDNA synthesized from total RNA using ImProm-II™
Reverse Transcription System from Promega (A3800, Madison WI) , was used as a template to
amplify BT024037.1.

b. Protein Expression and Purification – The Champion™ pET Directional TOPO®
Expression Kit with Lumio™ Technology from Invitrogen (45-0062, Carlsbad CA) was used to
express ZmCup1. The primers used were 5’ CACCTACCCCAACGCCAGTAGACA 3’
(forward) and 5’ CGTTGAACGACATCTGCGCCATCG3’ (reverse). A CACC overhang was
added to the forward primer to ensure in frame insertion during cloning. The PCR conditions
used were one cycle at 95°C for two minutes followed by 35 cycles of one minute at 95°C, 30
seconds at 61.3°C and one minute extension at 72°C using Pfx, a thermostable polymerase with
proof reading activity fromInvitrogen, (12344-024, Carlsbad, CA).PCR products amplified from
the maize cDNA were isolated into the vector pET160/GW/D-TOPO from Invitrogen following
the protocol provided by the manufacturer. E. colistrain BL21Star from Stratagene (200133,
Cedar creek, TX) was used to express the isolated gene. Protein expression was induced by the
addition of isopropyl-b-D-thiogalactopyranoside (IPTG; BP1755, Fisher), at a final concentration
of 1mM following the instructions provided by the manufacturer. Protein expression was
assessed at hourly time points for six hours. Protein fractions were collected for every hour after
induction by three rounds of sonication. Sonication was carried out for 10 seconds and was
cooled on ice for thirty seconds before starting the second round. The samples were separated on
a 12.5% (w/v) 29:1 bis-acrylamide:acrylamide SDS-PAGE gel (BP1366, Fisher). The identity of
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the separated protein was further confirmed through the use of Lumio technology by Invitrogen
(LC6090). The 6xHis-tagged expressed protein was purified via the use of a Ni-NTA agarose
column (IR901-15, Invitrogen, Carlsbad CA). Purification was carried out under hybrid
conditions as suggested by the manufacturer. Since the protein was in the insoluble fraction,
guanidine lysis buffer was used to lyse the cells. 8M urea was used as a binding buffer to bind the
proteins to the Ni-NTA column, at pH 7.8. The column was subsequently washed using 8M urea,
but with increased NaCl content. After three stringent washes, the protein was eluted using a
denaturing elution buffer with reduced salt concentrations at pH 4.0. The purified protein was
subsequently dialyzed against a 1M phosphate buffer, pH 7.0. The final concentration of the
protein was determined by Bradford Assay (500-0205, Bio-Rad, Hercules CA) with bovine
albumin as a standard (500-0208, Bio-Rad, Hercules CA) according to the manufacturer’s
instructions.

c. Fungal Strains and Culturing – Aspergillus flavus, strain 3357 was cultured on potato
dextrose agar (PDA) plates (254920, BD, Franklin Lakes NJ) and incubated at room temperature
for two weeks.

d. Preparation of conidia for germination assays:A. flavus plates that were 14 days old were
scraped gently with an excess of PBS (phosphate buffered saline) buffer, pH 7.4. Conidia were
counted using a haematocytometer and dilutions of the suspensions were made in PBS. The final
concentration of conidia was 7.5x109conidia/ml.

e. Germination Assays – Germination assays were conducted with conidia (3x108) of A. flavus
and 5µg of the ZmCup1 protein on depression slides incubated for 16, 24 and 48 hours to
determine the effect of the protein on germination. Conidia incubated with PBS buffer, pH 7.4
was used as a negative control. The total assay volume was 20µl. To check if the effect of
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ZmCup1 was reversible, conidia following exposure to the protein were centrifuged and washed
with 50µl of phosphate buffer resuspended in PBS and allowed to germinate for another 16 hours
in a humidity chamber. Germination was visualized under a bright field microscope.

f.

Oxalate decarboxylase enzyme assay– ZmCup1 was assayed for OXDC enzyme activity

using the spectrophotometric stop rate determination method (Bergemeyer et al, 1983). Oxalic
acid, on oxalate decarboxylase activity, gives formate and carbon-dioxide. OXD (oxalate
decarboxylase) activity is measured as the inhibition of the rate of reduction of beta-NAD in the
presence of formate and formate dehydrogenase. Exactly 200µl of the enzyme containing 0.08µg
of protein was used in the final assay volume. A standard OXDC enzyme from Sigma (03500,
St.Louis, MO) was used as a standard.

g. Temperature and pH stability of ZmCup1 –Stability of ZmCup1 was analyzed. Protein
samples (1µg) were incubated at 30°C, 40°C, 50°C, 60°C, 70°C, 80°C and 90°C for thirty
minutes and returned to room temperature (25°C) before testing for OXDC enzyme activity to
determine the temperature stability of the protein. Cupin samples (1µg) were also incubated in
0.1M citrate buffers at pH 4.0 and 5.0, in 0.1M phosphate buffers at pH 6.0 and 7.0, in 0.1M
Tris/HCl buffers at pH 8.0 and in 0.1M sodium carbonate buffers at pH 9.0, 10.0, 11.0 and 12.0
for one hour. After pH treatments the enzyme wasdried, and redissolved in PBS buffer before
assaying for OXDC activity.

25

Results
a. Isolation and cloning of ZMCup1 – Chen et al., (2002) described several proteins present
uniquely in the endosperm of the kernels from resistant lines of maize. One of these proteins was
identified to have low homology to an anionic peroxidase (Chen et al, 2002). Analysis of the
partial peptide sequences (VEAYSSVSNLVK, IGFGVQSEVVVT(I/L)K, GFETDVLR)
associated with that protein and using BLAST analysis (www.ncbi.nih.gov), the fragments
showed 80% similarity to a hypothetical protein from sorghum (Sorghum bicolor L.;
XP_002468335). Sequence analysis of the hypothetical protein from sorghumshowed that it
harbored two cupin domains(Pfam, CL0029). Cupinswere first identified among germins in
cereals. When the domain was also found in many other types of proteins and in dicotyledonous
plants, the superfamily was called cupins (Dunwell 1998).Upon further analyzing the translated
mRNA sequence (BT024037.1) for motifs and domains, usingExpasy (www.expasy.ch) and Pfam
(www.pfam.sanger.ac.uk), the coded protein was found to harbor twocupin domains
characteristic of bi-cupins (having two pairs of conserved cupin domains; Figure 1B). The
ZmCup1 cDNA was amplified from germinated kernels MP420 maize lines (Figure 2B). On an
agarose gel, the amplified product separated as a 810 bp single band.

b. Expression and purification of ZmCup1 – pET160/GW/D-TOPO used to express Zmcup1
was induced using IPTG. IPTG-induced expression of ZmCup1 showed a protein that separates
as a 65kDa band on SDS-PAGE. Lumio analysis was used to confirm the identity of the
expressed protein. A single fluorescing band was observed at 65kDa upon using lumio after NiNTA purification(Figure 2B).This confirms the identity of the expressed protein as ZmCup1.
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Figure 1B: Domain structure of the in - frame translated product of ZmCup1 showing two cupin
domains (www.pfam.sanger.ac.uk)
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Figure 2B: PCR amplification of putative ZmCup1. Lane 1; labeled L1 shows a 100 base pair
ladder, the positions of the 1,000, 700 and 500 bp bands are indicated with arrows. Lane 2;
labeled L2 shows the PCR product amplified from maize MP20 cDNA synthesized from mRNA
mR
from selfed and mature maize kernels.
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Figure 3B: SDS PAGE analysis of expressed ZmCup1 – Crude expressed protein on a 12.5%
(w/v) gel (A),, following affinity chromatography through a Ni
Ni-NTA column (B) and confirmation
through Lumio analysis with the band visualized under UV light (C).. Lane 1 labeled L1 shows
2hour expression of ZmCup1. Lane 2 labeled L2 shows protein marker. Lane 3 labeled L3 shows
protein following purification through Ni
Ni-NTA, the purified and concentrated
ated ZmCup1. L4
shows crude extract (before purification) protein.
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c. Anti-fungal activity of ZmCup1: In order to test the anti-fungal properties of ZmCup1,
germination assays were conducted. Germination was determined by counting the number of
spores germinated after 16 hours of incubation in the presence or absence of the protein. Three
different protein concentrations (2,5 and 10µg) were initially tested. Inhibition of germination
was observed with 5µg and 10µg of protein. Therefore, 5µg of Zmcup1 was used for the rest of
the assays. Germ tube formation was checked under the microscope (Figure 5B). Incubation with
Zmcup1 resulted in a 75% (Figure4B) reduction in germination of A. flavus conidia. The
germination assays were repeated three times. To check if the effect of the protein was reversible,
after 24 hour incubation with Zmcup1 conidia were washed with PBS buffer and re-incubated for
16 hours with PBS in the absence of ZmCup1. The reduction in germination was 32%, therefore
inhibition of conidia was reversible, and due to thesome activity of the protein

d. Oxalate decarboxylase activity assay: Since cupins have a signature of OXDC enzymes,
one of the mechanisms by which the inhibition could occur was by the enzymatic activity.
Oxalate decarboxylases have not been characterized for inhibition of germination in Aspergilli so
far. Spectrophotometric stop rate determination method (Bergemeyer et al, 1983) was used to
assess the oxalate decarboxylase activity of the protein. The protein showed optimum activity in
pH 4.0 (Figure 5B). Specific activities of 0.4 units/ml and 10.7 units/mg of protein were
observed. The standard enzyme obtained from Sigma showed an activity of 8.0 units/mg of
protein.

e. pH and temperature stability of ZmCup1: The activity of the protein was tested for
oxalate decarboxylase activity. Activity of the protein significantly decreased upto 90% with
temperatures greater than 50°C. Though the activity of OXDC was consistent at all pHs, it was
greatest at pH 4.0. (Figure 6B). This is consistent with other OXDCs. OXDC from Collybia
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velutipes showed maximum activity at pH 4.0 (Kesarwani et al, 2000) and from Agaricus bispora
was 3.6 (Kathiara et al, 2000).
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Figure 4B: Inhibition of germination of A. flavus conidia by ZmCup1 (A) Conidia were incubated
in PBS in the presence of ZmCup1, by washing 16 hour germinated conidia in PBS buffer and rere
incubating them another 16 hours
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(B)A. flavus conidia were incubated with ZmCup1, washed with PBS, and then incubated for
another 16hr in the absence of ZmCup1. The experiment was carried out in replicates of three; the
columns show the mean of 3 replicates and two repeats of the experiment; and the T- bars
represent the standard deviation
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Figure 3B: Effect of ZmCup1 on the germination of A. flavusconidia.
No germination was evident in A. flavus conidia (3x108 cells) treated with 5.0µg ZmCup1 (A)
after 24 hours of incubation. Decreased germination in A. flavus conidia (3x108 cells) was found
after removal of ZmCup1 and 48 hours of incubation (B). Compared to germination of conidia in
an equivalent volume of PBS buffer (C) after 48 hours of incubation.
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Figure 4B: Effect of pH (A) and temperature (B) on the OXDC activity of ZmCup1. T bars show
the standard deviation of 3 technical and 2 biological replicates
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Discussion
Maize resistance to A. flavus has been extensively studied and several proteins that confer
resistance to ear rots such as PR-10, ZmTIp, and ZmCor have been identified (Lots of refs). Their
roles in disease resistance have been investigated (Baker et al, 2009; Chen et al, 2009). The
objective of this research was to characterize one such protein expressed uniquely in the resistant
MP420 lines of maize, and to infer its role in resistance. ZmCup1 consistently inhibited the
germination of A. flavus conidia. Several factors influence conidiation in A.flavus, and a complex
signaling mechanism involving G protein coupled receptors and FAD A/G alpha protein
dependent signaling pathway, regulate conidiation and germination. ZmCup1 belongs to a family
of cupins with diverse reported biological functions(Osherov and May, 2000).Proteins belonging
to the cupin superfamily include superoxide dismutases,oxalate decarboxylases and mediators
associated with G-protein coupled signaling responses (Dunwell et al, 2004). Moreover, several
transcription factors such as helix turn helix type transcription factors and AraC type transcription
factors belong to the cupin protein superfamily (Dunwell et al, 1998). Cupins also include
proteins that have been reported to be involved in plant defense (Dunwell et al, 1998).Some
cupins are auxin-binding proteins. Auxin binding proteins are important receptors for hormone
signaling. They are apoplastic and their cupin fold renders them protease resistant (Cechin, 2008).
In Arabidopsis, proteins with a cupin domain were reported to bind to the alpha subunit
heterotrimeric G protein and thereby regulate signaling. G protein coupled signaling regulates a
myriad of processes in plants ranging from the regulation of seed germination to regulating
responses to stresses (Lapik and Kaufman, 2003). In barley (Hordeum vulgarae L.), apart from
playing a role in development, germin like proteins (GLP) containing a cupin domain have a role
in plant defense as well. Many of these proteinswere found to have oxalate oxidase activity
(Federico et al, 2006).
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In maize cupin domain containing proteins have been associated mainly to auxin binding.
These proteins influence important physiological processes like embryogenesis, cell elongation
and hyperpolarization of the plasma membrane, allowing differential flow of electrolytes
(Timpte, 2001).Other enzymatic functions such as oxalate oxidase, oxalate decarboxylase, and
superoxide dismutase activities reported with cupin-domain containing proteins in soybean
(Glycine max L. ) and barley (Dunwell et al, 2004) have not been previously reported in cupins
from maize. Zmcup1 was explored for its enzymatic functions and its role in resistance. Oxalate
decarboxylase was a putative function of ZmCup1 because it is a common characteristic of
bicupins. Sequence analysis of ZmCup1 showed that it has two cupin domains and an active
manganese binding site. Manganese is usually required for the decarboxyalse activity of bicupins.
OXDC have previously been isolated from Collybia velutipes and over expressed in tobacco
(Nicotiana tabacum) and tomato (Lycopersicon esculentum) to confer resistance against
Sclerotinia sclerotiorum, S. rolfsii, and S. ceptivorum. Several phytopathogenic fungi require
oxalic acid for their virulence(Boland et al, 1994). Oxalic acid chelates calcium, causing
macerations in the calcium pectate in the cell wall of the host. It also affects pH in a way that
favors the activity of cell lysis enzymes. Transgenic expression of oxalate decarboxylase in
tomato leaves, resultedin enhanced resistance of the the transgenic plants to S.
sclerotiorum.Oxalic acid is also present in plants as a sign of nutritional stress. In the absence of
other nutrients, A.flavus can use oxalate as an excellent source of carbohydrate. In A. flavus,oxalic
acid is produced as an initial product during oxidation stress. It was demonstrated that significant
production of soluble oxalate results from experimental cultivation of A. flavus and other fungal
species on substrates such as wheat, oats, and their hay. Oxalic acid is commonly produced
byAspergilli along with citric acid during conidiation and germination. Oxalic acid also lowers
pH since it is a weak acid containing two carboxylic acid functional groups which enhances the
virulence of the producing fungi, especially in pathosystems where hydrolytic enzymes are
involved in the infection process (Sexton et al, 2007). Moreover, in the absence of other nutrients,
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A.flavus uses oxalic acid as a source of carbon, which may be another factor contributing to a role
of oxalic acid as a virulence factor in plant-microbe interactions (Batemanand Beer 1965; Godoy
et al. 1990; Cessna et al. 2000; Guimaraes and Stotz 2004; van Kan 2006). Furthermore, the
degradation of oxalic acid through OXDC into carbon di oxide and formate, could result in
preventing fungal growth, especially when the availability of nutrients is limiting.
The characterized molecular weight of ZmCup1, 65kDa,was close to those of OXDCs
from other organisms like Collybia sp. and Bacillus subtilis. In Collybia velutipes, a 64
kDaoxalate decarboxylase has been identified (Kathiara et al, 2000).
Oxalic acid is accumulated in organisms by an array of biological processes like
oxidation of carbohydrates and protein catabolism. It is characterized byits ability to chelate
manganese from the soil so stimulating a glycosylated peroxidase involved in lignin degradation
(Banci et al, 1998). Oxalic acid secretion by fungi upon infection of plants such as bean and
tomato may enhance the activity of pectolytic enzymes (Anand.R. et al, 2000).
Vertebrates in general lack OXDC and depend on intestinal bacterial OXDC for the
degradation of oxalate, though other mechanisms of degradation of oxalate such as oxidation and
decarboxylation through co-enzyme A exist. Due to its properties in overcoming nutritional stress
in plants and in degrading lignins, oxalate is considered a pathogenicity factor in several plant
pathogenic fungi (Anand et al, 2000). A protein with OXDC activity may therefore be very
important to reduce the presence of oxalate thereby conferring resistance to the plant.
ZmCup1 was shown to be a maize cupin with OXDC activity. The OXDC activity of
Zmcup1 could have a role in reducing conidiation and germinationof A.flavusconidia. ZmCup1
may play a role in removing the accumulated oxalic acid. Oxalic acid may be needed in
pathogenesis either by facilitating the degradation of plant cell wall through the lowering the the
pH and enhancing thus the activity of pectolytic enzymes or by providing A.flavus with a carbon
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source during conidiation. It is important next to understand the role of oxalic acid in A.flavus
conidiation and conidia germination.Identifying interacting partners of ZMCup1 may be useful in
that endeavor. This may also lead to discovery of alternate roles of the cupin domain and OXDC
activity in gene regulation and signal transduction.
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CHAPTER 3
ALTERED GENE EXPRESSION PROFILES OF ASPERGILLUS FLAVUS IN TRANSGENIC
MAIZE OVEREXPRESSING A BACTERIAL GLUTAMATE DEHYDROGENASE (GDH)
Abstract
Aspergillus flavus is a filamentous fungus that causes an ear and kernel rot in maize (Zea
mays L.). Ear rots caused by A. flavus are often associated with the accumulation of aflatoxin in
the infected plant. Extensive research is underway to reduce infections by A. flavus and to limit
contaminations by aflatoxin. The ability of A. flavus to produce aflatoxindepends on the nature
and the composition of the substrate it is growing on. The metabolism of A. flavus is altered
substantially in response to changes in the availability of different nutrients in the growth
medium. Transgenic maize lines expressing a bacterial NADPH dependent gdhA (glutamate
dehydrogenase)gene showed increased nitrogen metabolism with an overall increase in amino
acids and ammonium ions in the vegetative cells, tolerance to gluphosinate type herbicides and
water deficit resistance. Previous studies also showed that A. flavus exhibits decreased conidiation
and aflatoxin accumulation on GDH+maize lines. The aim here was to use microarray studies to
assess changes in the expression patterns of A. flavus genes on GDH+ maize. Used was artificial
inoculation in the field of dough stage maize kernels of inbred ‘H99’ transgenic or non transgenic
with gdhA. The mRNA was isolatedafter harvest. Altered more than 2 fold were 747 A.
flavustranscripts, only 7 decreased. Hydrolases kinases and ABC transporters (non-enymatic)
were the major protein families altered. No effect on toxin pathway genes was detected. No maize
transcripts were altered more than 2.6 fold, though 50 were altered significantly by two fold or
more and that resulted in an increased cellulose to lignin ratios, increased some amino acids,
decreased some lipids and increased some toxic products of special nitrogen metabolism.
Therefore, the gdhA gene was inferred to confer partial resistance to A. flavus by inducing
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pathways that altered cell walls and increased defense metabolite concentrations, pathways
different from endogenous resistance mechanisms.
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Introduction
Aspergillus flavus, a major pathogen of maize, groundnuts, figs and tree nuts has received
considerable attention in the last fifty years due to its ability to produce a toxigenic polyketide
secondary metabolite called aflatoxin (Chen et al., 1998). The International Agency for Research
on Cancer (IARC) has designated aflatoxin B1 (AFB1) as a human liver carcinogen (Wogan,
2000). AFB1 increases the risk of liver cancer 30 fold in individuals previously exposed to
Hepatitis (Henry et al, 1994). Therefore, the presence of aflatoxin, even in small amounts, is
strictly regulated by governmental agencies both in the United States and worldwide, which
results in severe yield losses incurred by producers (Chen et al., 1998). Annually, agriculture
losses due to aflatoxin contamination are estimated between $630 million and $2.5 billion (Wu,
2004). An infected crop results in yield loss, increased transportation costs and a product that
often cannot be marketed (Morengo and Kang, 1999). Poultry and livestock are also affected, if
they are fed aflatoxin contaminated grain. In fact, aflatoxin contamination of feed intended for
animal consumption may result in severe to mild consequences including direct death of the
animals, severe immunity disorders, and reduced weight gain (Miller and Wilson, 1994;Wogan,
2000; Scheidegger and Payne, 2003). Upon infection of maize kernels by A. flavus, high amounts
of aflatoxin can be produced in an individual corn kernel, and since tolerance to aflatoxin
contamination is low, strict regulations have been imposed on the presence of the mycotoxin in
food and feed. The recommended management practices to limit ear rots and aflatoxin
contaminations are limited. The deployment of resistant or tolerant maize varieties would be the
most economically feasible strategy to combat A. flavus. The development of such lines has been
challenging. Selecting for resistance to contaminations by A. flavus is difficult because of the high
variability in successful infections, and the technical difficulties associated withscreening for
resistance. Several resistant maize genotypes have been lately identified including Tex6, Mp313
and MAS-gk MI 82 (Brown et al., 1995). These lines have been instrumental to the identification
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of markers that could be used in breeding programs employing Marker Assisted Breeding to
develop maize lines resistant to A. flavus.
Maize lines that express a bacterial NADP-dependant glutamate dehydrogenase (GDH;
E.C.4.1.2.1) gdhA have been producedin order to increase ammonium assimilationin plants.
GDHA catalyzes the amination of α-ketoglutarate to form glutamate, thereby increasing the
availability of glutamate, the starting material for the synthesis of most of the amino
acids(Lightfoot et al, 2006). The gdhA expressing lines of maize and tobacco were reported to
exhibit tolerance to gluphosinate type herbicides (Ameziane et al., 2000; Nolte 2004; Lightfoot et
al, 1999; 2007). In dry environments, the transgenic plants showed increased grain bio mass
reflecting their tolerance to water deficit. More recently, gdhA+ maize plants showed a substantial
decrease (50-75%) in aflatoxin accumulation upon inoculation with A. flavus (Fakhoury and
Lightfoot 2010). Moreover, in a set of experiments, A. flavus exhibited decreased conidiation
upon inoculating kernels from gdhA expressing maize with A. flavus (Fakhoury and Lightfoot
2010, personal communication;). Increase in the content of certain amino acids was observed in
maize grain (Guthrie et al 2004).
In tobacco (Nicotiana tabacum)leaves ammonium accumulated to 2 fold higher
concentration, ammonium assimilation increased by 25% and seven amino acids accumulated to
2-7 fold higher concentrations (Mungur et al, 2005). Transgenic Nicotiana tabacum plants
expressing gdhA showed increased carbohydrate and decreased fatty acid accumulation. In
addition special nitrogen metabolism was altered so many toxic or bioactive compounds were
altered in abundance. For example Swainsonine an inhibitorof mannosidase II and Scopoletin and
antibiotic were both increased 5 fold.
In maize grain that wasgdhA+, six amino acids were increased and it may be expected that
lipids were reduced in abundance in comparison to gdhA- lines of maize(Guthrie et al, 2004). The
content of lipids such as oleic acid and linolenic acid was found to be reduced in gdhA+tobacco
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leaves (Mungur et al, 2005) and maize leaves (Lightfoot et al 2009) and may be reduced in grain
also.Lipids play an important role in fungal metabolism, and in A. flavus they induce the
biosynthesis of aflatoxin (Reddy et al, 1992). Shifts in metabolism in gdhA expressing maize,
result in modifying the availability of nutrients in kernels colonized by A. flavus. This may affect
the ability of the fungus to produce aflatoxin. Our main objective here was to investigate a
potential role of GDH in conferring resistance to A. flavus.
Materials and Methods
Total RNA extraction
Ears of gdhA+ and gdhA-corn were inoculated with a conidial suspension using the pin bar
method from a ten day old culture of A.flavus strain 3357 when the ears were at the dough stage.
Kernels from six mature ears were pooled and total RNA was extracted from five randomly
selected kernels. Total RNA extraction was carried outwith acid phenol and chloroform. Cell
lysis was mediated by grinding the kernels in liquid nitrogen with glass beads. The ground
material was immediately transferred to a tube containing acid phenol and Tris buffer of pH 9.0.
Extracted RNA was cleaned to remove small RNA and contaminating carbohydrates using the
RNeasy kit (RNeasy mini kit, QIAGEN, Cat No:74106, Valencia, CA). The integrity of total
RNA was confirmed by running it on a 0.8% (w/v) agarose gel and by microcapillary
electrophoretic RNA separation.Three replicates of each maize line, containing total RNA from 5
kernels each were used for the arrays. A concentration of 1µg/µl was used to hybridize to
theAffymetrix array.
A. flavus Affymetrix Array
The whole genome Affymetrix array of A. flavusversion had approximately 13,000 A.
flavus genes and 8,000 maize genes. The hybridization was performed by the Affymetrix
GeneChip® Laboratory at Purdue, IN. The arrays were analyzed by Dchp
(http://biosun1.harvard.edu/complab/dchip/). For the two samples gdhA+(line H99, event LL344

272) andgdhA-(line ‘H99’, no event) three replicates were performed with a total of six arrays
(Table 1C). Dchp was used for data extraction and to convert the raw signal on the CEL files into
signal value. Total intensity normalization was used to normalize six arrays. Then the signal
value of all the arrays was transformed to its log base of two. The normalized, log2 transformed
data was analyzed using MeV (http://www.tm4.org/).
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Table 1C: The experimental conditions and treatments for the microarray experiment
Sample

Replicates

Treatment

gdhA+

3

gdhA-

3

Inoculated with
A.flavus
Inoculated with
A.flavus
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Number of
kernels used per
replicate
5

Concentration of
total RNA used
per replicate
0.76µg/µl

5

0.76µg/µl

Quantitative RT-PCR
From the list of differentially expressed genes, three genes were selected in order to
confirm the micro array expression through quantitative PCR. Three genes involved at different
steps in the bio synthesis of aflatoxin were chosen (Table 2C). The total RNA that was isolated
for the microarray analysis was used to synthesize cDNA. The cDNA was synthesized using
ImProm-II™ Reverse Transcription System from Promega (A3800, Madison WI). The cycles for
cDNA synthesis wereas follows: 25°C for 5 minutes followed by 42°C – 60 minutes and 70°C –
15 minutes. The experiment was carried out in triplicates.Sybr green (iQ SYBR Green Supermix
#170-8880, Biorad) was used to quantify the expression using DNA engine opticon 2 (MJ
research, Walthman, MA). Tubulinwas used as an internal control to quantify the expression of
the two genes.

47

Table 2C: List of genes used in QPCR.

Gene
omtA
Nor1

NCBI ID Number Affymetrix ID number
Forward primer
Reverse primer
L25836.1
2911.m00790_s_at ACCATGATGGAGC GGATTTCAACGCATGCACTGTTG
ATGACATTCGG
XM_002379901 2911.m00781_s_at TCGAACTTTCAGGG GGTGGTTGAGACTTCGC
TAACCATGCC
ATCACTT
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Results
RNA extraction
The extraction of total RNA from maize kernels was difficult, probably due to the
presence of large amounts of starch and other polysaccharides. The acid phenol chloroform
method, followed by cleaning of the total RNA using RN-easy mini kit was sometimes successful
in removing carbohydrates and small RNAs. A concentration of 0.76µg/µl of total RNA was
achieved. Figure 1C with the two bands shows the integrity of the ribosomal RNA in the
extracted total RNA.
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Figure 1C: Integrity of the total RNA extracted using acid phenol and used in theA.flavus
the
Affymetrix array. (Lane 1-33 gdhA+, lane 4-6 gdhA-, L7- 100 bp ladder).
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Microarrays
Microarray analysis of genes of A. flavus growing on gdhA+ maize lines was performed to
understand a potential role ofGDH in conferring resistance to A. flavus. Just747 transcripts of
A.flavus and 50 transcripts of maizegenes were found to be differentially expressed in infected
gdhA+lines. In A.flavus this represented about 6% of the total A. flavus genes represented in the
array. Seventranscripts were decreased in gdhA+ (Shown in Table3C). Otherincreasedtranscripts
included transcription factors, kinases, oxidoreductases, hydolases, dehydrogenases,
dioxygenases, major facilitator super family proteins and ABC transporter proteins.Increased
transcripts and their fold change in abundance were listed. A maximum fold change of 10 was
observed for an F box domain containing protein, several oxido reductases and several unknown
proteins. A pie chart displaying the clustering of increasedtranscripts in gdhA+ can be seen in
(Figure 3C). ABC transporter proteins and kinases showed a fold change of approximately 9.
Gene transcripts involved in aflatoxin biosynthesis were neither increased nor decreased. Figure
2C shows a graphical representation of the increasedtranscripts. Though several transcript were
involved in metabolism, there was no apparent change in the amount of transcripts of genes
whose encoded proteins synthesize the precursors for the production of aflatoxin.
The underlying assumption, while analyzing a microarray, is that the measured intensity
of the signal correlates with theabundance of the transcript of a single gene per array feature.
Signal values in the form of ratios were first transformed to the logarithmic base of 2. Making a
log transformation is important to treat the increased and decreasedtranscripts in a similar fashion.
In order to make transcript amounts comparable, global normalization was performed across the
six arrays. Global rather than local normalization use was based on the assumption that though
some transcripts are differentiallyabundant, the total amount of transcriptsthat accumulated was
the same across arrays. To identify the differentially expressed transcripts, a grouped student Ttest was carried out between the three replicates of lines H99 (gdhA-)and LL3-272(gdhA+). P
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value was set to 0.05 and significant transcripts were determined by a fold change of greater than
2 for A. flavus and maize features.
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Figure 2C: Differentially expressed transcripts in A. flavus inoculated gdhA+and gdhA-maize
lines analyzed by MeV. Increasedtranscripts are depicted in green and decreasedtranscripts in red.
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Table 3C: The list of transcriptsdecreased in A.flavusgrowing on gdhA+ maize lines by more
than 2 fold.

4 unknown proteins
Isoleucyl-tRNA synthetase
FAD dependent oxidoreducatse protein
Aminotransferase, classes I and II family, putative
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Figure 3C: A pie chart showing clustering of increased
increasedA.flavustranscriptswhen
transcriptswhen grown on
gdhA+corn
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Quantitative PCR
The microarray data was analyzed to find significant changes in the abundance of
transcripts involved in aflatoxin biosynthesisand no significant changes wereobserved. In order to
confirm the microarray data, three genes from the aflatoxin biosynthesis pathwaywere selected
and quantified. Quantitative PCR was performed for the three genes omtA, verB and nor1. The
results were comparable to the fold change observed in microarray with verb and nor1 not
showing differences in expression and OmtA showing 7 fold increase in LL3-272 (GDHA+ ) when
compared with H99 GDHA(Figure 4C).
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Figure 4C: Quantitative PCR. The amountsof two transcripts, Nor1 and OmtA were compared
between the two lines of maize, LL3 272 (GDHA+) and H99 (GDHA-). Fold change was
calculated with respect to tubulin as an internal control.
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Discussion
Various efforts have been made to reduce aflatoxin contamination in maize.The
biosynthesis of aflatoxin by A. flavus is a complex biological process influenced by several
factors. The objectiveshere were to study the effects of altered metabolism in gdhA+ maize lines
on transcript abundances in A. flavus and determine how the gdhA+ affects the ability of A. flavus
to colonize those lines and to produce aflatoxin upon colonization.
Temperature, pH, and water deficit stress are environmental factors that influence
theproduction of aflatoxin by A. flavus. Available nutrients can also alter fungal metabolism.In
fact, the availability of nitrogen seems to play an important role in the production of aflatoxin
(Luchese and Harrigan, 1993).For example, the presence ofproline,asparagine and ammonium
sulphate support the production of aflatoxin whereas nitratesalts reduce the expression of
aflatoxin transcripts (Payne and Hagler, 1983; Payne, 2008). The availability of carbohydrates
also influences aflatoxin biosynthesis. Maize genotypes with greater amount of sugar in their
kernels support fungal growth and aflatoxin production.
Initial studies show reduced conidiation of A.flavus in the presence of GDH in the field.
Although transcript abundance profiling shows that gene transcripts involved in the aflatoxin
biosynthesis pathway were decreased in gdhA+ maize lines, the amounts of transcripts of several
important fungal genes involved in development were affected.
ABC transporter proteins
Several proteins that belong to ABC transporter superfamilywere found to be increased in
the presence of GDH. This superfamily of non-enzyme proteins encompasses ATP- dependent
transmembrane pumps involved in active transport of molecules across the cell membrane(Bauer,
1998). These transporters have also been observed to play a role in the export of drugs to the
outside the cells a common mechanism for antibiotic resistance. In yeast, pdr12, anABC
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transporter,was overexpressed during sorbate stress (Piper et al., 1998). A weak acid stress in
yeast also induced the expression of this transporter. Fungal ABC transporters are involved in
drug responses, stress responses and in defenseagainst xenobiotic compounds (Bauer, 1998).
Thus the expression of ABC transporter genes could indicate that A.flavuswas stressed in the
presence of gdhA+possibly by the greater abundance of xenobiotics like swainsonine an
inhibitorof mannosidase II, coumarin a liver toxicantand scopoletin an antibiotic (Mungur et al.
2005) or related special nitrogen metabolism products.

Hydrolases
A. flavus was an opportunistic pathogen. It can infect undamaged kernels and produce
toxin in them. A. flavus can grow on the waxy layer of maize using it as the only source of carbon
(Guo et al., 1996). Data suggested that hydrolases specific to cutins and lipids are important in
determining the aggressiveness of plant pathogenic fungi (Mellon et al, 2007). A change in maize
metabolism may have lead to the altered production of polysaccharides required for the waxy
layer, making it less permeable, and more difficult for the fungus to penetrate the gdhA+ maize.
The greater barrier couldelicit the greater transcript accumulation of mRNAs encoding hydrolases
by A.flavus. Amongst the hydrolases (EC 3.-), the amido hydrolases (EC 3.4.-), glycosyl
hydrolases (EC 3.2.-) and some (3) dienelactone hydrolases (EC 3.1.1.45) were important in
fungal infections. Glycosyl hydrolases were required to break down complex cell walls of the
plant where cellulose and pectin were present (Davidson and Blaxter, 2010). The glycosyl
hydrolases cellulose (EC 3.2.1.4) and pectinase(EC 3.1.2-; EC3.2.1- or EC 4.2.2-) enzymes show
highly conserved amino acid sequences among Aspergilli suggesting they have an important role
in the life of these fungi including the determination of their pathogenicity on maize. In fact, the
ability of A.flavus to spread between cotton balls is highly dependent on the production of a
specific hydrolase, endopolygalacturonase (EC 4.2.2.2; Cleaveland and Cotty, 1991). Cellulose
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content was higher and lignin content was lower in GDH grain asjudged by lowere insoluble
nitrogen, mostly lignin (D.A. Lightfoot unpublished; Colter 2001). Cell wall structure in gdhA+
maybe altered in a way that affects the spread of A. flavus. This could force the pathogen to
increase the production of hydrolases in order to permeate into the cell wall.
Kinases
Kinases are enzymes (EC 7.-) responsible for phosphorylation. Phosphorylation and
dephosphorylation cascades are important in signaling. The list of A. flavus transcripts increased
in the presence of gdhAcontained several kinases. Two serine threonine receptor associated
kinases, a MAP kinase, an ATP-dependent histidine kinase, a cyclin dependent kinase and others.
Serine threonine kinases in fission yeast were involved in signaling oxidative stress (Sanchez –
Piris et al, 2002). In fission yeast, Cmk2, a serine threonine kinase was a substrate for MAP
kinase. It is activated in yeast by several environmental factors including peroxides, heat shock
DNA damage and ultra violet. It triggered the expression of a transcription factor involved in the
expression of a catalase (Degols et al, 1998).Here, several transcription factors, dioxigenases,
peroxidases and oxidoreductases were over expressed in the presence of GDH. Therefore, the
fungus may have responded to the bioactive metabolites probably increased in GDH maize
(Fakhoury and Lightfoot 2010) like a form of oxidative stress.
Another kinase, a histidine kinase was also found to accumulate transcriptsin the
presence of GDH. Fungal HRKs (histidine receptor kinases) have essential roles like
osmosensing, cell cycle regulation and oxidative stress (SantosandShiozaki 2001). One such
HRK gene was found to be important in overcoming oxidative stress in Saccharomyces
cereviceae. GDH was shown to alter; the osmotic potential of plant cells (Mungur et al 2006); to
alter cell cycle related spore differentiation (Fakhoury and Lightfoot 2010); and to increase
oxidative stress to A. flavus
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Role of GDH in reducing aflatoxin contamination
The array of different families of transcripts overexpressed by A.flavus in gdhA+maize
alloweda hypothesis about a role of GDHAin resistance to be developed. Based on the
information from the kinases and hydrolases, two roles could be suggested.
It has been shown that tobacco and maize transformants with GDHA gene show
increased nitrogen assimilation and resistance to herbicides (Lightfoot et al, 2007). The presence
of glutathione induced cellular oxidative stress (Schafer and Buettner, 2001). Also, an increase in
GDH expression triggers the GO/GAT pathway for enhanced absorption of nitrogen and
glutamine synthesis. Glutamine itself can act as a precursor for the production of glutathione,
thereby inducing oxidative stress (Amores-Sánchez and Medin, 1999). Therefore, though GDH
maize lines did not directly affect the amount of the aflaxin biosynthesistranscripts, they may
have an effect on A.flavusby inducingstressthereby reducing its growth and its ability to produce
aflatoxin.
Another important role of GDH could be the alteration of the cell wall preventing the
spread of A.flavus. The increase in the synthesis of hydrolases may denote that the fungus is
trying to gain entry into the host but was experiencing more difficulty. In order to confirmthe role
of increased hydrolases on the spread of A.flavus in gdhA+corn it is important to assess the
difference in composition in the gdhA+ cell wall compared to the non-transformed maize. The
gene expression profiling is preliminary buthypotheisis generating. Further analysis should be
performed to quantifyingfungal colonization and spread in vivo in gdhA+maize lines and measure
more aspects of gene expressionthan simply transcript abundance
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CHAPTER 4
ANALYSIS OF DISEASE RESISTANT NETWORKS IN MAIZE BY IDENTIFICATION OF
PROTEIN-PROTEIN INTERACTIONS

Abstract
The filamentous fungus Aspergillus flavus is a ubiquitous pathogen of several crops
including fruits, nuts, cotton, peanut and most notably maize. In maize, A. flavus caused an ear rot
and produced aflatoxins. Aflatoxins are carcinogens that have caused many human and animal
deaths and continue to constitute a threat to human and animal health. Several studies were
conducted to identify and characterize genes in maize responsible for resistance to A. flavus.
Previous proteome-based studies showed the accumulation of several proteins exclusively in
maize lines that exhibit partial resistance to A. flavus. One of these proteins ZmCUP1 contained a
cupin domain. Proteins with cupin domains were associated with several enzymatic activities
such as isomerases (EC 5.-), especially epimerases (EC 5.1.-), and some dismutases(EC 1.-).
Moreover, some cupins act as transcription factors. The aim here was to test ZmCUP1 protein for
biological activities and protein protein interactions. The Zmcup1gene was isolated and expressed
in E. coli. The purified protein inhibited the germination ofA.flavusconidia. To further understand
the role of ZmCUP1 protein in conferring resistance to A. flavus, a maize protein-protein
interaction map was used to predict some of the possible interactions of ZmCUP1. The
interactome showed ZmCUP1 to interact with 22 different proteins. Two of the predicted
interactions were confirmed by using a yeast two hybrid approach to screen a maize kernel cDNA
library. A zinc finger protein and a heat shock protein showed the strongest interactions from 84
detected.
Introduction
Aflatoxins are polyketide derived furanocoumarins, a group of mycotoxins, produced by
certain fungi like A.flavusand A.parasiticus after they infect crops such asmaize and
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peanuts(Scheidegger and Payne 2003).Infected crop destruction results in considerable losses in
the United States. Aflatoxinsare potent toxins that disrupt transcription by DNA dependent RNA
polymerase. Consequently, they were classed as carcinogens and when present in food or feed,
seriouslythreaten human and animal health. Annually, total agricultural losses due to aflatoxin
contamination average from $630 million to $2.5 billion in the US alone (Wu, 2004). Infected
cropsresult in yield loss, increased transportation costs and a product that cannot be marketed
(Morengo and Kang, 1999). Poultry and livestock will bio-accumulate high concentrations of
aflatoxins, if they are fed aflatoxin contaminated grain (Miller and Wilson, 1994;Wogan, 2000;
Scheidegger and Payne, 2003). Therefore identifying the complex mechanisms involved in partial
resistance of maize to A. flavusthat may lead to strategies that reduce aflatoxin contamination in
maizehasbecome imperative.
A multitude of signaling pathways, effectors and proteins are involved in the interaction
of maize withA. flavus(Brown et al. 1998; Chen et al., 2007). In order to effectively study the “big
picture” and understand maize resistance to A.flavus it was important to network the maize
resistance associated proteins and signaling molecules. Systems biology, powered by molecular
biology, mathematical concepts, physics and engineering strategies help in modeling hypotheses
(Vidal, 2009). In a complex cellular mechanism such as partial disease resistance involvingthe
regulation of different networks (eg. disease signal transduction, transcriptional activation and
repression, and epigenetic regulation) it was imperative to understand physical interactions
between proteins. The interactome, a graphical representation of all protein-protein interactions of
an organism, was an invaluable tool tostudy such mechanisms Geisler et al built in 2007 a
predicted interactome for Arabidopsis relying on the conservation of protein interactions across
species, genera and even kingdoms. In 2008, Yin-Shan Tai, predicted interactions between two
proteins RAR1 and SGT1 involved in wheat resistance to the leaf rust pathogenbased on
predicted interactions from Arabidopsis. Thispredicted physical interaction was later found to be
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required to trigger resistance in wheat against the rust pathogen (Yin-Shan Tai, 2008). By taking
this approach to the next step, it was possible to look at all the disease resistant proteins in a
system in a snapshot. This approach can provide interesting insights as to how pathways are
interlinked and as to what role these links play in resistance. For instance, maize disease
resistance to A.flavus can be studied by mining orthologous proteins between Arabidopsis and
maize.
A proteomics approachwas undertaken in an attempt to identify maize proteins involved
in A. flavus resistance (Brown et al., 1998;1999; Chen et al., 2002; 2007). Several proteins were
identified that were either over expressed or expressed only in resistant lines of corn. Some of
these proteins have been shown to inhibit fungal growth (Chen et al., 2004; 2006; Baker et al.,
2009a; 2009b). The resistance related proteins included trypsin inhibitors, lectinspathogenesis
related proteins and cupins. Cupin proteins represent the conserved barrel domain of the cupin
superfamily (Dunwell et al., 2002; 2004). The cupin fold was first discovered in seed storage
proteins, but now a number of enzymatic and signaling properties have also been associated with
these proteins.
To further analyze theresitance related proteins and to understand their roles in resistance,
we constructed a predicted interactome for maize based on protein orthology to A. thaliana.
Results of transcript abundance and protein abundance expression analyses from resistant lines of
maize were also included and a list of 180 proteins involved in resistance in maize against
A.flavus was compiled (Brown, personal communication). Here a maize interactome was builtand
, four proteins involved in disease resistance were found to be directly interacting with one
another and one of themshown to be ZmCUP1, that contained a cupin domain. Zmcup1 was
characterized to understand its role disease resistance and to study its functional domain.Finally,
the predicted interactome was compared to in vivo interactions using a yeast two-hybrid system.
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Materials and Methods
Construction and analysis of the maize interactome
Ortholog detection
Genes involved in kernel resistance to A.flavus infections were tabulated. The goal of
constructing the interactome was to establish a connection between these proteins. Previously
known and established interactions in A.thaliana (Geisler et al, 2006) were used as a backbone to
build the maize interactome. A LINUX (Linus Torvald's UNIX; Universal Network Information
Exchange) based software called InParanoid (downloaded from http://inparanoid.sbc.su.se/cgibin/index.cgi) was used to detect orthologs between A.thaliana and Z.mays. Proteins that showed
strongest orthology between the two species were used for our interactome analysis.The ortholog
detection was carried out between 31,921 peptide sequences from A.thaliana (downloaded from
TAIR) and 42,000 peptide sequences downloaded from the maize genome database
(http://www.maizegdb.org/).
Building the interactome
Proteins of maize which showed orthology to A.thaliana were superimposed on to the
Arabidopsis interactome. An interactome for maize with 2,993 proteins was thus constructed
(Figure 1D). The software Cytoscape (http://www.cytoscape.org/)was used to build a visual
interactome showing proteins as nodes and interactions as edges.
The maize interactome was analyzed to construct a disease resistant protein-protein
interaction network. From already existing expression and proteomics data a total of 180 proteins
predicted to have a rolein resistance against A.flavus were selected to screen the interactome.
Motif detection
In order to determine if any of the 180 proteins had common regulatory regions, the
maize genome sequence (Schnable et al., 2009) was screened for putative transcription activation
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sites using two different softwares. About 2kbp upstream of the start siteof the 180 protein
encoding genes were aligned and screened for putative cis elements using MEME
(http://meme.nbcr.net/meme4_3_0/intro.html). This generated a list of sequences that may bind
common transcription factors. A database for putative cis elements, transfac (http://www.generegulation.com/pub/databases.html) was searched to see if any of the elements were part of
already characterized cis-elements. Since maize could have cis elements several kbps upstream of
the genes, a second list was generated using 3kbp upstream sequences were screened for putative
cis elements.
Yeast two- hybrid analysis of protein interactions
Yeast two hybrid approachwas used to test the interactions predicted through interactome
analysis.The premise behind the yeast two-hybrid technique was that the binding of a
transcription factor to an upstream activating sequence on the DNA triggers transcription of
reporter genes (Fields and Song 1999). In yeast, the transcription factor contains two parts, a BD
(Binding domain) and an AD (Activation domain). To actively bind and trigger transcription both
factors should come together. This principal was exploited in Yeast two-hybrid, where the Bait
(protein of interest) was tagged to the binding domain and the prey (cDNA library that contains
all the expressed proteins in a system) was tagged to the activation domain. The interacting
partners can be screened using the downstream reporter genes.Matchmaker Gold Yeast TwoHybrid system (PT4084-1), from Clontech (Mountain view, CA) was used as follows.
a. Construction of a maizekernel cDNA library – Prey
‘MP420’maize kernels, germinated for 7 days were used to extract total RNA. Total
RNA was extracted using acid-phenol and chloroform and purified using the RNeasy kit (RNeasy
mini kit, QIAGEN, Cat No:74106, Valencia, CA). The RNA was checked for integrity by
electrophoresis on a 0.8% (w/v) agarose gel. The cDNA was synthesized from thistotal RNA
using SMARTTM technology from Clontech (PT5025-1, Mountain view, CA)using MMLV
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reverse transcriptase. Exactly 20 cycles of LD- PCR was required to synthesize 2µg of total
cDNA. The cDNA was purified using a size exclusion column provided by Clontech (PT5025-1,
Mountain view, CA). The cDNA was ligated into pGADT7-Rec, a linearized vector and used to
transform the Y187 strain of yeast. Thetransformation protocol was provided by the
manufacturer. Transformants were selected on SD/Leu- media. Cell density was checked to be
about 2X107per mland aliquots were made in 1ml tubes in freezing medium and stored at 80°C.The cDNA library was titred every two weeks and preserved at -80°C.

Cloning Zmcup1 into the yeast two-hybrid gold bait vector
Primers were designed to isolate the Zmcup1 from maizekernel cDNA. The primers used
were 5’ CATGGAGGCCGAATTCTACCCCAACGCCAGTAGACA (Forward) and
3’GCAGGTCGACGGATCCCGTTGAACGACATCTGCGCCATCG (reverse). The 810 bp
product was isolated into the pGBKT7 expression vector and used to transform yeast two-hybrid
gold yeast strain. The expression of the protein was checked for auto activation and the plasmid
was sequenced to confirm in-frame cloning of the insert.

Mating
The two yeast strains, yeast two-hybrid gold containing the bait and Y187 containing the
prey were allowed to mate for 20 hours in 2X YPD broth. Mated yeast was confirmed through
microscopy under 40X magnification and plated on SD/Leu-/Trp-/Ade-/His- containing
aureobasidin. Being able to grow without adenine, histidine and overcoming the antibiotic, are
markers of interaction.

Screening for positive interactions
Colonies that were blue on X-α-Gal were selected and re-streaked three times on SD/Leu/Trp-/Ade-/His- containing Auerobasidin and X-α-Gal to confirm the presence of the interacting
plasmid.
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Confirmation of the interaction through Co-Immunoprecipitation
The interaction observed between ZmCUP1 protein and the maize zinc finger protein was
confirmed through in vitro co-immunoprecipitation. Plasmids were isolated from Y-2-H and Y187 strains of yeast and were transformed again with the respective plasmids containing the bait
and the sequenced prey. The ZmCUP1 protein was expressed with a c-myc tag and the zinc finger
protein, with a HA (human influenza hemagglutinin) tag (Terpe, 2003) at the N terminus. The
strains of yeast harboring the plasmids were grown in YPD and the cells were harvested at an OD
of 1.0at A600. Whole cell extract was prepared by lysing the cells using glass beads and a lysis
buffer with protease inhibitors. Immunoprecipitation was performed using antibody against HAtag from Fischer scientific (Cat.21158, Pittsburgh, PA), zinc finger protein was adsorbed onto
protein A/G containing agarose beads from Santacruz (SC 2003, Santacruz, CA). This was
followed by elution of the zinc finger protein using HA peptide. The purified protein was added
to ZmCUP1 protein, which was also precipitated in a similar fashion, using antibodies against cmyc. (SC-40, Santacruz, CA) and protein A/g beads. High stringency washes were applied to
remove non specific interactions.The protein A/g beads were boiled with SDS PAGE loading
buffer and the supernatant was used for Western analysis, using anti HA-antibody and a HRPconjugated secondary antibody.

Results
Analysis of the maize interactome
The interactome, being a graphical representation, enabledeasy assessment of proteinprotein interactions based on domain conservation across species. From the list of ~50,000
proteins from the Gramene database (http://archive.maizesequence.org/index.html), 80% of maize
proteins showed orthology to Arabidopsis proteins but only 12,213 interactions were established
among them. The secondary predicted interactome of maize showed 12,213 protein-protein
interactions in total (Fig.1D).
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On analyzing this interactome for with the list of 180 proteins involved inpartial
resistance, a sub interactome consisting of 81 interactions was formed. The entire interactome can
be visualized.
Asub-interactome of six proteins found to be over expressed in resistant maize lines was
derived and extended to its first node (Fig.2D).The six proteins were three heat shock proteins, a
cupin domain containing protein which was orthologous to Zmcup1 (CD444191), an enolase (EC
4.2.1.11) and 1-cys peroxiredoxin (a bifunctional enzyme with glutathione peroxidase and
phospholipase A2 activities; EC 1.11.1.15; Chen et al., 2000). One of the six proteins with a
cupin domain (green node, Fig.2) was predicted to be directly interacting with two of the heatshock proteinsand an enolase (Blue nodes, Fig.2). This interaction of six proteins was extended to
its first node of interactors. The heat shock proteins in-turn interacted with transcription factors
and chromatin remodelers (red). This interaction would result in the transcription of many genes.
Amongst the proteins Zmcup1 may interact with, the most interesting were, a transcription
elongation factor, a protein containing a zinc finger domain, a receptor for nuclear export and a
histone H4.
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.

Figure 1D: Complete view of the maize interactome viewed in an organic layout. The
nodes(proteins) are represented in pink and the edges(interactions) are represented in blue
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Figure 2D: Maize disease resistance interactome
A sub interactome of maize showing 4 proteins over-expressed in resistant maize lines. The blue
nodes represent heat shock proteins. The green node represents a cupin domain containing
protein. The interactome was extended to its second node represented in pink. The red nodes
represent chromatin remodelers and transcription factors. Zmcup1- zinc finger interaction
wasrepresented in green.
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Motif Hunting
While screening for putative cis elements, it was found that three sequences were
conserved across all 180 proteins involved in resistance. On further analyzing these sequencing
across known cis elements, they were not found to be part of already characterized cis elements.

Confirmation of interactome through Yeast two-hybrid
A Yeast two-hybrid approach was used to confirm the predicted insilico interactions.
Thisin vivotechnique has been used to find interacting partners and was proved to be effective and
accurate if interactions were confirmed both invitro and in vivo (Fields 2009).
Construction of cDNA library
cDNA library constructed from RNA extracted from germinated maize kernel was tested
for diversity using primers for actin, Zmcup1 and cor genes.

Cloning of the Bait (Zmcup1)
The bait plasmid, pGBKT7 was double digested using BamH1 and EcoR1 (Fig.3D).
ZmCup1 mRNA was amplified using specific primers that can undergo recombination with the
plasmid (Fig.4D). This 810 bp PCR product was isolated into pGBKT7 and the transformed yeast
two hybrid gold strain did not show autotoxicity for the specific gene. Colony PCR confirmed the
presence of the insert (Fig.5D).
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Figure 3D: Double digestion of PGBKT7 plasmid.
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Figure 4D: PCR amplification of Zmcup1 from the constructed cDNA library using specific
primers that can undergo recombination with the vector’s digested sites.
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Figure 5D: Colony PCR on the bait to confirm the presence of the insert.
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Mating and selecting for positive interactions
Eighty fouryeast colonies that grew on the quadruple drop out medium containing
antibiotic were re-streaked on X-α-Gal. Two colonies turned blue. A hypothetical protein
containing Zinc finger motif was found as one of the interacting partners when the rescued
plasmid was sequenced. Zinc finger motifs are important transcription factors. They are selected
based on their capability of their binding to DNA and have an important role to trigger
transcription. On sequencing the other positive interaction it was found to be a heat shock protein,
CPHSC70-1 (chloroplast heat shock protein 70-1).

Confirmation through Co-IP
In vitro co- immmunoprecipitation was used to confirm the specific interaction of
Zmcup1 with the zinc finger protein. Immuno precipitation of the purified zinc finger protein
added onto beads containing Zmcup1 confirmed the interaction and also showed that the
interaction was highlyspecific, and the peptide-peptide bonds were not dissociated by stringent
washes. Purified maize zinc finger protein was observed at a molecular weight of 75kDa. The
interaction was visualized using aWestern and the 75kDa protein was observed. The interaction
was specific as it was not observed in the unbound antibody control and in the supernatant of the
washes following the addition of the zinc finger protein (Figure6D, L3). The zinc finger
containing proteinwas seen adsorbed to the beads with Zmcup1 showing that there was a strong
interaction between Zmcup1 and the maize zinc finger protein (Figure 6D, lane 4).
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Figure 6D: Co-immuno
immuno precipitation confirming the interaction between Zmcup1 and the maize
zinc finger protein.
L2- eluate before addition of the purified
L1- input (whole cell extract unbound to the antibody), L2
zinc finger protein, L3- supernatant after the addition of purified zinc finger protein. L4L4 zinc
finger interacting with Zmcup1 adsorbed on protein A/G beads.
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Discussion
In order to further understand the role of proteins expressed during stress, and to
understand if they were co-expressed through a common regulator, two in silico studies were
performed.First, theprotein-protein interactome was built. It helped to infer the mechanism of
Zmcup1 in conferring partial resistance against A.flavus. Protein – protein interactions help us
understand underlying cellular functions and mechanisms involved intercellular processes. A
protein-protein interactome (PPI) helped in understanding the complexity of a genome. In a
pleiotropic genome like maize it can help in forming a hypothesis about complex traits like partial
disease resistance andwater deficit tolerance. Here, it has helped develop an interesting
hypothesis for a partial disease resistance interaction. The interacting partners of Zmcup1 were
inferred to be capable of triggering a transcription cascade through chromatin remodelers and
transcription factors, that may result in the activation of many genes. This could play an
important role in maizepartial resistance against A.flavus.
ZmCUP1 on the first node of interacting partners, was predicted to interact with heat
shock proteins, a zinc finger domain containing protein, and protein kinases (EC 7.-). ZmCUP1
also was predicted to interact with histone H4, and a GCN5-related N-acetyltransferase (GNAT;
EC 2.3.1.-) family protein.Arabidopsis protein kinases and specific mitogen activated protein
kinases were important for plant defense (Innes, 2001). In Arabidopsis and yeast, GNAT family
proteins were transcription factors (Berger et al, 1992). Some members of the
GNATproteinfamilyhave histone acetyl transferase motifs (Vetting et al, 2004). Histone acetyl
transferases are involved in acetylation of histones, which serves as a signal for eviction thereby
inducing chromatin remodeling.
ZmCup1 interacts with a gene encoding one of two E3 ubiquitin ligases (EC 6.3.2.19)
which orthologs in Arabidopsisthat were involved in the monoubiquitination of histone. E-3
ligase in combination with E-2 was a ubiquitin conjugating enzyme. Mono-ubiquitination was
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involved in signaling of processes (Yee D and Goring D.R, 2009). Therefore, this interaction
could play an important role in chromatin remodeling, thereby increasing transcription and
ubiquitin mediated signaling.
Interaction of Zmcup1 with a protein with a Zinc finger motif
Interaction of Zmcup1 with a protein containing a Zinc finger domain has been
characterized through interactomics and further confirmed using yeast two-hybrid. Zinc finger
domains are proteins with one to several conserved “zinc fingers” with a consensus of
CxxCRxxLMYxxGASxVxCxxC (Dietrich et al, 1997). This motif helps binding the protein to
DNA. In rice, the over expression of a homolog of this gene, OsLSD1, resulted in the
transcription of PR-1 genes (Lijuand Wang et al, 2004). It also suppressed PCD elicited by
fumonisin in tobacco and arabidopsis. Therefore, zinc finger motifs may have an important role in
the transcription of genes that may be involved in the resistance resistant maize lines toA. flavus.
In Arabidopsis, a microarray studyshowed that the expression of the zinc finger (LSD1) triggered
an integrated signal response in the presence of salicylic acid (Schenk et al, 2000). The WRKY
proteins characterized in Arabidopsis were proteins containing zinc finger motifs. WRKY1 was a
transcriptional activator eliciting fungal elicitor genes in parsley. WRKY1 expression was
induced by Pseudomonas sojae. They were also found to accumulate around the sites of infection
(Eulgemet al,1999).
C2H2 zinc fingers characterized across species can bind both DNA and proteins. In
humans, this family of proteins were found to bind to more than six families of proteins (Brayer
et al, 2008). The cupin- zinc finger motif interaction in maize has not been characterized so far.
From the importance of cupins in disease resistance, they can have a potential role in disease
resistance signaling.This interaction could play an important role in determining the resistance of
maize kernel resistance toA. flavus.
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Therefore, building a hypothetical interactome using the principle of protein conservation
across species was an effective tool to enable mining of data and hypothesize the function of a
protein. Here the Zmcup1-Zinc finger interaction was characterized in silico (through
interactomics) and in vivo (yeast two-hybrid and co-immuno precipitation). Several hypotheses
were advanced about the mode of action of ZmCup1 in conferring partial resistace to maize
against A. flavus.
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